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Samenvatting

Metaal–organische roosters (Engels: metal-organic frameworks, MOFs) zijn een klasse van
hybride materialen met op metaal gebaseerde anorganische knooppunten die via sterke
coördinatiebindingen verbonden zijn met organische linkers. Deze verbindingen leiden tot
3D kristallijne roosters om structuren met verschillende poriegroottes en een verscheiden-
heid aan structuren (aanpasbaarheid). Deze hybride materialen hebben een uitzonderlijke
porositeit en grote inwendige oppervlaktes, waardoor ze geschikt zijn voor toepassingen in
gasscheiding en –opslag en katalyse, en biomedische toepassingen. MOFs vertonen ook een
opmerkelijke structurele flexibiliteit, die wordt bepaald door de topologie van het rooster
en de vrijheidsgraden tussen bindingshoeken in de organische linkers of coördinatiebindin-
gen tussen de organische linkers en anorganische knooppunten. Eén van de belangrijkste
categorieën van flexibiliteit in MOFs is de rotatiedynamica van organische linkers. De dy-
namica van de structuur kan een uitgesproken invloed hebben op gasadsorptie, -diffusie en
optische eigenschappen. Hoofdstuk 4 and Hoofdstuk 5 onderzoeken de rotatiedynamica
van tereftalaat-linkers in MIL–53 MOFs, waar verschillende functionele groepen de ster-
ische interacties tussen de linkers variëren, met computationele methoden zoals ab initio
moleculaire dynamica en klassieke moleculaire dynamica.

Met de opmerkelijke porositeit, structurele flexibiliteit en aanpasbaarheid van MOFs als
centrale handvatten, richten we ons in dit proefschrift naast het bestuderen van de vermelde
rotatiedynamica van de linkers, op het bestuderen van de piëzo-elektrische eigenschappen
in MOFs voor hun toepassing om vibrationele energie te oogsten. De hoge porositeit van
MOFs leidt namelijk tot lage diëlektrische constanten. Dit maakt ze, samen met de hoge
structurele flexibiliteit van MOFs, veelbelovende kandidaten voor het oogsten van piëzo-
elektrische energie. Hoewel alle niet-centrosymmetrische MOFs piëzo-elektrisch zijn, is
hun piëzorespons nog nauwelijks bestudeerd. Hoofdstuk 2 and Hoofdstuk 3 van dit
proefschrift zullen de structuur–eigenschap relaties van piëzo-elektrische eigenschappen in
MOFs door middel van computationele methoden onderzoeken, en ontwerprichtlijnen
geven die kunnen bijdragen aan de ontwikkeling van goed presterende piëzo-elektrische
materialen voor het oogsten van mechanische energie.

Hoofdstuk 1 geeft een overzicht van de bestaande piëzo-elektrische materialen en hun
mechanische, piëzo-elektrische, diëlektrische en akoestische eigenschappen die belangrijk
zijn voor piëzo-elektrische energie-oogst. Het hoofdstuk belicht de potentie van MOFs
als piëzo-elektrische energie-oogsters gebaseerd op de huidige literatuur over de piëzo-
elektrische, mechanische en diëlektrische eigenschappen van MOFs. Verder bespreekt het
hoofdstuk de soorten linker-rotatiedynamica die voorkomen in MOFs en hun implicaties
voor de toepassingen van MOFs. Tot slot wordt een korte discussie gepresenteerd over de
computationele technieken die in dit proefschrift gebruikt zijn om beide onderwerpen te
bestuderen.

In het eerste deel van dit proefschrift verdiepen we ons in het computationele onderzoek
van de piëzo-elektrische eigenschappen van MOFs om hun potentie om energie te oogsten

xiii
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Introduction
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Introduction

1.1 Metal–Organic Frameworks: Introduction

Metal–Organic Frameworks (MOFs) are porous hybrid crystalline materials consisting of
inorganic nodes or clusters and organic ligands as building blocks connected by strong
coordination bonds. The arrangement of these building blocks allows for synthesizing
well-defined periodic structures with varying pore sizes. Owing to their adaptability with
the choice of building blocks (tuneability), the number of MOFs that are synthesized
and studied has seen an explosive growth in the past two decades.[1] Among the unique
properties of these hybrid materials, exceptionally high porosity and large surface areas have
led to their application in gas separation and storage, catalysis and biomedical applications
like drug delivery.[2]

Along with the high porosity and tuneable structures of MOFs as key properties, they are
soft and have remarkable flexibility. The flexibility of MOF frameworks is usually seen under
the influence of external stimuli like the presence of guest molecules, adsorption-desorption
induced stress, mechanical stress and temperature. One representative example of these
flexibility modes is sorption-induced linker reorientation in Zeolitic Imidazolate Framework,
ZIF-8 [3] where the movement of the imidazolate linker (also called gate opening) causes
expansion in pore size and adsorbs larger molecules than expected. Another example is, the
swelling mode of flexibility observed in the MIL-88 family where the cell parameters and
volume of the unitcell gradually change upon the uptake of solvent molecules.[4] Third
example, is the breathing phenomenon in the MIL-53 family wherein reversible transitions
in the structure of the MOF are seen. During this, substantial change occurs in the atomic
positions and angles of the unit cell between the narrow pore and large pore phases.[5,
6] This breathing effect can be due to guest-induced stress or temperature in MIL-53.[7]
Flexibility mode of breathing involves change in the dihedral angle between the plane of
inorganic node and the plane of connecting bonds between the organic linker and inorganic
node. Hence, this mode of flexibility is a cooperative effect from both the inorganic node
and organic linkers of the MOF. Flexibility in general for MOFs is majorly due to the
framework’s topology and the degrees of freedom between bond angles in the connecting
organic linkers or between the coordination bonds connecting the inorganic nodes and the
organic linkers.

1.2 Motivation for work in this thesis

Using the exceptional porosity, structural flexibility, and tuneability features of MOFs
as central handles, we study two important yet relatively unexplored topics in this thesis:
Piezoelectricity in metal–organic frameworks and Rotational dynamics of linkers
in metal–organic frameworks.

MOFs have huge potential as piezoelectric energy harvesters owing to their flexible frame-
works. For a polar metal–organic framework, the application of a small strain could po-
tentially lead to large changes in polarization implying a large electromechanical response.
Additionally, due to the permanent porosity in MOFs, a very low dielectric constant can be
achieved.[8–10] A high electromechanical response achieved by tuning the building blocks
of MOFs, combined with their low dielectric constant presents a very interesting and poten-
tially a new class of materials for energy harvesting. The relevant theory of piezoelectricity,
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Rotational Dynamics of Linkers in Metal–Organic Frameworks

Table 1.4: Acoustic properties of Metal-Organic Frameworks
MOF [57] Acoustic Impedance (MRayl)

ZIF-8 3.55
MAF-7 3.67
MOF-5 4.50
MIL-47 10.04

MIL-53(Al) 11.70
MIL-53 (Ga) 13.28

to external stimuli such as light, temperature, guest molecules, and electric fields.[64] These
structural dynamics have a pronounced influence on gas adsorption, diffusion, and optical
properties. The organic linkers are the flexible components in MOFs and the four major
categories of flexibility in MOFs identified in the literature include breathing, swelling
phenomena, linker rotation, and subnetwork displacement as shown in Figure 1.3.[5]

Figure 1.3: Schematics of different modes of flexibility in soft porous crystals. Reproduced
with permission from ref [65]

In this thesis, among the different categories of flexibility, we specifically focus on under-
standing the rotational linker dynamics of MOFs. These organic linkers act as rotors and
MOFs offer a unique platform for embedding these molecular rotors that can be spaced
at tuneable distances in their crystalline lattices. Apart from the consequences of linker
rotation on the adsorption properties, a deeper understanding of the rotational dynamics
of linkers can pave the path to novel applications like the design of artificial molecular
machines.[13]
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Metal–Organic Frameworks
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Conclusions

non-centrosymmetric symmetry, MOFs should be exceptional candidates to be used as
piezoelectric energy harvesters.
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Chapter 2-Appendix

(a) (b)

Figure 2.A.8: Bar plots of (a) Young’s Modulus and (b) Bulk Modulus for all ZIFs with
five DFT functionals.

Figure 2.A.9: Poisson’s ratio, obtained with five different DFT functionals for all ZIFs.
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Conclusions

their very low dielectric constant and higher flexibility, making them suitable for applica-
tions in piezoelectric energy harvesting, MOFs might exhibit higher piezoelectric energy
harvesting efficiency than inorganic piezoelectrics. Additionally, the Mo-MOFs in this work
(VAFYOQ, BALFAV01) due to their O-Mo-O dipoles may also be ferroelectric showing a
spontaneous and reversible polarization upon the application of an electric field. This is
especially advantageous for the processability of MOFs into energy harvesting devices.

In summary, this study utilizes high-throughput calculations to investigate the piezo-
electric properties of MOFs, facilitating the discovery of novel piezoelectric MOFs. The
research has identified eight potentially promising new piezoelectric MOFs, with their
structures discussed in detail. By emphasizing the importance of understanding structure-
property relationships, this work provides a valuable guide for designing new and previously
undiscovered piezoelectric MOFs, accelerating the search for efficient materials for mechani-
cal energy harvesting.
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Part II

Rotational Dynamics of linkers
in Metal–Organic Frameworks
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Emergence of Coupled Rotor Dynamics in Metal–Organic Frameworks.....

4.1 Introduction
The hybrid nature of metal–organic frameworks (MOFs) goes hand in hand with diverse
and often complex behavior. The dynamic traits of these materials are increasingly capturing
the curiosity of researchers in the field: MOFs show the potential of displaying intricate
dynamics, similar to that observed in other materials built from closely interacting molecules
such as crowded movement of proteins in lipid bilayers[1, 2] or concerted molecular motion
in liquid crystals.[3] The organic components in MOFs are embedded in a crystalline lattice,
yet, in contrast to traditional molecular crystals, they are separated from each other by
modifiable free space, providing a handle to tune dynamic behavior in an ordered and stable
supramolecular arrangement.[4–7]

A decade ago, Yaghi and Stoddart proposed that “robust dynamics” could be achieved by
mechanically interlocking organic components onto the linkers, such that they have the
necessary freedom of mobility without compromising the MOF structure.[8] Since then, it
has become evident that stable frameworks that display inherent rotational motion are in
fact ubiquitous.[9–11] However, not all such frameworks are usable in practice, and the
performance of a MOF in specific applications is highly dependent on its dynamic properties,
a prime example being adsorption behavior in flexible MOFs.[12–17] Furthermore, MOF-
based crystalline molecular machines will require external control of linker motion, making
the engineering of correlated dynamics a necessary step to achieve cooperative functional
mobility.[5, 6, 18, 19]

Recent achievements in rotor-MOFs include engineering ultrafast rotation by decreasing
the rotation energy barrier via molecular design,[20–22] reaching rates as high as those in gas
or liquid phases. Additionally, the first example of unidirectional rotation in MOF linkers
by the Feringa group [23] represents a crucial step toward attaining nanomotors embedded
in a crystalline lattice that can produce useful work.[24] A recent study on rotor-MOFs
presented evidence of steric interactions between rotating phenylene units within a single
linker.[25] Yet, the understanding, let alone the engineering, of correlated dynamics based
on steric interactions between linkers remains extremely limited.

The growing field of rotor-MOFs may benefit from inspiration drawn from the more
developed field of crystalline molecular rotors. In many such systems, it has been found that
in structures where rotor−rotor distances are small enough, the resulting steric interactions
force the rotational dynamics to adopt correlated gear-like mechanisms.[26–29] Here, we
present for the first time how correlated motions emerge in linker dynamics as the steric
environment of the rotors is gradually modified. We use linker functionalization- in the MIL-
53 family of materials to tune both the pore dimensions and the rotor-rotor interactions.
The MIL-53 topology proves to be an excellent choice due to its functionalization-dependent
pore size configurations, that is, the meta stability of two phases, large pore (lp), and narrow
pore (np). Moreover, terephthalate-based organic linkers are very common among MOFs.

4.2 Results and Discussion
To start, we focus on the intramolecular effects of linker functionalization on rotational
motion. In terephthalate linkers, the benzene rings can rotate with respect to the carboxyl
groups, which are fixed due to their coordination to the metal nodes. As shown in Figure
4.1, the maximum energy corresponds to a conformation where the benzene rings form a

110
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Emergence of Coupled Rotor Dynamics in Metal–Organic Frameworks.....

Figure 4.3: Effect of linker rotation on the potential energy as studied by DFT. (a) Unit
cell of NO2 –MIL–53 (Al) with central linker in 0° rotation with respect to (011) plane
(pink); hydrogens omitted for clarity. (b) Rotation angle is defined as the angle between
benzene ring plane and (011) plane, taking 0° as the conformation with the functional
group pointing in the positive [100] direction. The sign of the angle is assigned based on
the direction normal of the reference plane. (c) Potential energy profiles for the rotation
of one linker in a NH2 –MIL–53 (Al) and NO2 –MIL–53 (Al) unit cell. The direction
of rotation is indicated by the direction of the marker. (d) Example of an unfavorable
head-to-head nitro group encounters in adjacent linkers when they are located on the same
side of the ring (top) and on different sides (bottom).

of neighboring linkers in such a supercell will depend on the position of the two nitro
groups on their respective benzene rings. Single-crystal XRD analysis shows that there
is no preferential configuration set during the formation of the crystal (see Figure 4.B.5).
Therefore, a rotating linker’s nitro group may encounter its neighbor’s nitro group in one of
the two configurations shown in Figure 4.3d. Illustrative cases are discussed in the appendix
(Figures 4.B.6 and 4.B.7). The configuration where neighbor linkers have nitro groups
located on identical carbon positions has the most impactful steric effects between two rotors
due to their closer distance. We find that head-to-head NO2 interactions lead to a steep
energy increase, and that the rotational event can only become energetically feasible when
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Supplementary data and discussion

Figure 4.B.5: Difference Fourier map (Fobs-Fcalc) showing the positive electron density
residues around each linker in the structure of NO2 –MIL–53 (Al) refined by single-crystal
XRD. The data was obtained from a previous study.1 Electron density residues attributable
to the nitro groups disordered in all four possible positions are displayed in green, while the
violet residues signal the presence of disordered pore configurations. For clarity, the violet
residual density is omitted from all images except for top-left.
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Chapter 5-Appendix

5.A.4 422 unit cell
5.A.4.1 Interactions with neighboring linkers along perpendicular to pore

direction

In the main chapter, we elaborated on neighboring interactions between linkers along the
pore direction (x). Here we present and discuss the time trajectories for some of the linkers
and its perpendicular neighbors along y or z direction. The notation for the different sets of
chains shown in Figure 5.A.6 is followed for the time traces below.

Structurally, linkers from different chains directly stack over each other when there is a
hydroxyl group between the chains. For example a hydroxyl group is present between chains
(1,4), (2,3), (4,8), (5,7) etc.(shown in Figure 5.A.8a) The other kind of chain pairs are those
where the hydroxyl group is not present between them and chains do not directly stack over
each other but are alternately stacked. Some examples of these pairs include (3,4), (6,7),
(4,9), (2,14) etc.(shown in Figure 5.A.8b) The steric interactions should be higher for the
chain pairs with hydroxyl group between them because of the direct stacking along y and
z directions. Hence, we look closely into those chain pairs with hydroxyl group between
them for linker interactions.

Figure 5.A.7: Figure showing chains 1, 2, 3, and 4 of the 422 unit cell in 5.A.6 along ‘x’
direction.
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Exploration of free energy profile and mechanism of long-range rotor dynamics.....

(a) Chains 1 and 4 with hydroxyl group in between showing directly stacked over
each other when viewed along ‘z’ direction.

(b) Chains 3 and 4 without hydroxyl group in between showing alternately stacked
when viewed along ‘z’ direction.

Figure 5.A.8: Chains (a) with hydroxyl group in between (b) without hydroxyl group in
between.
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Chapter 5-Appendix

5.A.6 Force Field (final) generated after fitting

�O�O�h�?�B�b �6�6 �?���b �P�*�*�*�L ���M�/ �P�*�*�*�S�? �T���`���K�2�i�2�`�b ���/�/�2�/ �Q�#�i���B�M�2�/ �7�`�Q�K �7�B�i�i�B�M�;
�p���b�T �.�6�h ���M�/ �6�6 �2�M�2�`�;�B�2�b �B�M �`�B�;�B�/ �`�Q�i���i�B�Q�M���H ���M�;�H�2 �b�+���M

�O �"�P�L�.�>���_�J
�O�@�@�@�@�@�@�@�@�@
�"�P�L�.�>���_�J�, �l�L�A�h �E �F�D�K�Q�H�f�� � � �k
�"�P�L�.�>���_�J�, �l�L�A�h �_�y ��

�"�P�L�.�>���_�J�, �S���_�a �*�n�S�> �>�n�S�> �j�X�k�8�9�e�8�k�j�e�d�3�2�Y�y�j �R�X�y�3�3�3�y�3�e�e�3�j �2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a �*�n�S�* �*�n�S�> �j�X�N�k�j�3�3�N�R�R�j�k �2�Y�y�j �R�X�j�N�e�3�d�3�R�3�R�d�2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a �*�n�*�� �*�n�S�* �k�X�e�8�8�d�j�y�y�d�k�y�2�Y�y�j �R�X�9�3�N�3�N�N�9�N�N�N�2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a �*�n�S�> �*�n�S�> �9�X�y�R�3�R�e�y�k�k�j�j �2�Y�y�j �R�X�j�3�N�R�9�y�d�3�d�3�2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a �*�n�L �*�n�S�* �j�X�d�j�9�9�3�j�e�3�R�y�2�Y�y�j �R�X�9�y�8�j�j�d�d�N�R�j �2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a �*�n�L �*�n�S�> �9�X�R�9�N�j�N�3�d�8�R�9�2�Y�y�j �R�X�j�3�e�8�j�3�9�N�N�8�2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a �*�n�L �L �k�X�k�e�y�R�9�y�e�j�8�e�2�Y�y�j �R�X�9�d�R�8�d�e�y�j�3�8�2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a ���G �P�n�*�� �N�X�8�j�N�9�N�8�e�R�9�d�2�Y�y�k �R�X�N�R�8�k�8�R�9�e�e�j �2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a �*�n�*�� �P�n�*�� �8�X�e�d�d�e�N�R�3�R�k�k�2�Y�y�j �R�X�k�d�9�9�k�e�d�y�k�j �2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a ���G �P�n�>�u �R�X�k�N�e�8�y�e�N�R�j�8�2�Y�y�j �R�X�3�8�8�k�j�9�j�N�k�8�2�Y�y�y
�"�P�L�.�>���_�J�, �S���_�a �>�n�>�u �P�n�>�u �9�X�e�9�8�N�R�3�3�k�9�e�2�Y�y�j �N�X�3�3�k�y�R�R�k�3�R�y�2�@�y�R
�"�P�L�.�>���_�J�, �S���_�a �L �P�n�L�P �8�X�e�8�R�e�N�k�N�e�e�R�2�Y�y�j �R�X�k�j�N�d�y�3�3�k�d�d�2�Y�y�y

�O �"�1�L�.���>���_�J
�O�@�@�@�@�@�@�@�@�@�@
�"�1�L�.���>���_�J�, �l�L�A�h �E �F�D�K�Q�H�f�`���/ � � �k
�"�1�L�.���>���_�J�, �l�L�A�h �h�>�1�h���y �/�2�;

�"�1�L�.���>���_�J�, �S���_�a �P�n�*�� ���G �P�n�>�u �k�X�k�k�R�e�j�3�d�k�e�8�2�Y�y�k
�N�X�y�9�9�3�R�j�R�3�8�3�2�Y�y�R

�"�1�L�.���>���_�J�, �S���_�a �*�n�S�* �*�n�S�> �>�n�S�> �k�X�N�d�e�8�R�k�N�R�N�R�2�Y�y�k
�R�X�R�N�d�N�j�8�j�N�e�d�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�S�* �*�n�S�> �*�n�S�> �8�X�8�9�e�y�d�e�8�d�y�d�2�Y�y�k
�R�X�k�y�8�j�R�N�N�3�y�j �2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�S�> �*�n�S�> �>�n�S�> �k�X�N�8�d�8�y�j�e�d�R�9�2�Y�y�k
�R�X�k�y�N�9�R�3�N�3�y�y�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�L �*�n�S�* �*�n�S�> �9�X�8�N�9�8�k�k�d�9�y�9�2�Y�y�k
�R�X�R�d�N�8�3�j�j�y�j�3�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�*�� �*�n�S�* �*�n�L �j�X�j�8�9�d�k�d�8�8�k�y�2�Y�y�k
�R�X�k�k�y�3�N�d�j�R�R�R�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�*�� �*�n�S�* �*�n�S�> �9�X�y�y�3�8�3�y�j�8�y�8�2�Y�y�k
�R�X�R�N�N�y�3�9�9�k�e�N�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�S�* �*�n�*�� �P�n�*�� �8�X�N�d�9�k�y�9�j�k�R�d�2�Y�y�k
�R�X�R�d�j�9�3�8�k�e�3�k�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �P�n�*�� �*�n�*�� �P�n�*�� �e�X�9�3�j�3�j�j�e�N�j�9�2�Y�y�k
�R�X�k�8�8�3�j�j�9�3�N�8�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�L �*�n�S�> �>�n�S�> �k�X�e�R�d�j�e�8�R�3�y�j �2�Y�y�k
�R�X�R�3�e�3�j�d�e�R�N�e�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�L �*�n�S�> �*�n�S�* �9�X�N�j�y�e�j�j�y�9�3�3�2�Y�y�k
�R�X�R�3�e�d�8�d�8�j�8�9�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�S�* �*�n�L �*�n�S�> �9�X�3�d�R�y�9�8�e�3�9�9�2�Y�y�k
�R�X�k�R�3�e�R�8�e�y�y�e�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�S�* �*�n�L �L �j�X�N�e�e�9�j�9�y�d�8�e�2�Y�y�k
�R�X�k�y�d�j�3�9�k�8�e�9�2�Y�y�k

�"�1�L�.���>���_�J�, �S���_�a �*�n�S�> �*�n�L �L �8�X�R�9�k�8�k�9�9�j�d�y�2�Y�y�k
�R�X�R�d�e�e�j�3�d�N�3�8�2�Y�y�k

189



i
i

“Complete_thesis” — 2024/3/16 — 21:57 — page 190 — #206 i
i

i
i

i
i

Exploration of free energy profile and mechanism of long-range rotor dynamics.....
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Exploration of free energy profile and mechanism of long-range rotor dynamics.....
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Chapter 5-Appendix
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Exploration of free energy profile and mechanism of long-range rotor dynamics.....

�6�A�s�Z�, ���h�P�J �>�n�S�> �y�X�R�e�d�N�k�e�9�y�9�d �y�X�d�j�y�3�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �>�n�>�u �y�X�8�j�k�N�e�N�9�R�9�8 �y�X�d�j�y�3�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �*�n�S�> �@�y�X�y�N�3�k�8�d�y�8�9�k �R�X�R�d�y�j�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �*�n�S�* �@�y�X�R�j�d�d�d�j�e�j�y�j �R�X�R�d�y�j�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �*�n�*�� �y�X�3�9�R�e�y�j�d�N�3�k �R�X�R�d�y�j�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �*�n�L �y�X�y�9�j�k�j�9�y�9�8�e �R�X�R�d�y�j�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �L �y�X�8�d�e�y�k�j�9�R�j�k �R�X�R�y�9�3�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �P�n�*�� �@�y�X�d�k�d�R�j�k�3�3�3�d �R�X�R�j�k�8�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �P�n�>�u �@�R�X�k�j�9�e�k�y�y�R�y�9 �R�X�R�j�k�8�y�y�y�y�y�y
�6�A�s�Z�, ���h�P�J �P�n�L�P �@�y�X�j�e�k�3�k�j�N�9�8�R �R�X�R�j�k�8�y�y�y�y�y�y

194









i
i

“Complete_thesis” — 2024/3/16 — 21:57 — page 198 — #214 i
i

i
i

i
i









i
i

“Complete_thesis” — 2024/3/16 — 21:57 — page 202 — #218 i
i

i
i

i
i









i
i

“Complete_thesis” — 2024/3/16 — 21:57 — page 206 — #222 i
i

i
i

i
i

Atta’s yummy food on the weekends was a change from the hostel food. While doing my
master’s in the USA, it was indeed difficult being away from my parents alone in a new
country. Thanks to Ramu mamu and Anitha atta, because of whom I was never homesick.
Again, I was lucky to get yummy food made by Anitha atta. Nagesh mamu and Vaishali
atta, thanks for all the financial help and for making sure I settled in well in the USA. I had a
memorable time during Thanksgiving, spending time with you all. My dear cousins Radhir,
Rajeev, and Rahav, I enjoyed all the fun in India and hope we continue to have many more.

My friends from NITW, Navya, Sindhu, Nehuu, Ujju, thank you for keeping up with
my nerdiness. Harini, Sri Vidhya, and Raja thanks for the fun times in GG342. Mounika,
Deeksha, and Geethu, friends from what almost feels like childhood. All these people have
been part of my tight friends’ circle. Even though we do not spend a lot of time now, just a
phone call, and in no time we are back together. I am very grateful for having such special
friends in my life.

Friends in Amsterdam: Tulika, Abhishek, Sonia (we miss you), Vipul and Arka, thank
you for making the gloomy covid times cheerful and most memorable. Alpi and Priya, I am
glad I met you guys and I always enjoyed our girls meets.

Saving the best for the last, my husband and partner in everything PV (Pramod), thank
you for your immense patience and support during the highs and lows of this PhD journey.
Your advice and encouragement during the tough times are what kept me going. Special
mention to our daughter Ishanvi for coming into our life and spreading her smiles and
cuteness every day.

206





i
i

“Complete_thesis” — 2024/3/16 — 21:57 — page 208 — #224 i
i

i
i

i
i



i
i

“Complete_thesis” — 2024/3/16 — 21:57 — page 209 — #225 i
i

i
i

i
i

Curriculum Vitae

Srinidhi Mula was born on 26th February 1993, in
Kazipet (Warangal district, Telangana state), India. Most
of her schooling happened in Hyderabad, where she fin-
ished her secondary school education in 2008 at The
Mother’s Integral High School. In August 2010, she
enrolled in Metallurgical and Materials Science and Engi-
neering at the National Institute of Technology, Waran-
gal (NITW). Here, with a final year project on “Effect
of Heat Treatment on microstructure and corrosion be-
havior of AZ61 Mg alloy”, obtained her Bachelor’s in
April 2014. From July 2014 to July 2016, she worked as
a Manager in the Corrosion and Inspection Department
for two years at the largest petrochemical company in
India, Reliance Industries Limited, Jamnagar. To pursue
her master’s, she prepared for the GRE while working at
Reliance and applied to various universities in the USA. In September 2016, she joined the
Materials Science and Engineering (MSE) course at the University of Florida, Gainesville.
For her Master’s project, she worked on “Validating an implicit self-consistent electrolyte
model in plane-wave density-functional theory” under Prof. Dr. Richard Hennig in his
group. This shaped her interest to further work on projects using computational chemistry.
After obtaining her master’s from the University of Florida in May 2018, she started her PhD
at the Delft University of Technology, The Netherlands in July 2018. She worked in the
Catalysis Engineering section of the Chemical Engineering Department and was supervised
by Dr. ir. Monique van der Veen and Prof. dr. F.C. Grozema. In her Ph.D., she worked on
modeling properties in metal-organic frameworks for their potential applications in energy
harvesting and ferroelectrics. For her PhD research, she collaborated with professors from
universities in France, Italy, and Belgium on various chapters of this thesis.

209


	Summary
	Samenvatting
	Introduction
	Metal–Organic Frameworks: Introduction

	Piezoelectricity in Metal–Organic Frameworks
	Structure-Property Relationship of Piezoelectric Properties in ZIFs
	Introduction

	Computational Screening of Piezoelectric Properties in MOFs
	Introduction


	Rotational Dynamics of linkers in Metal–Organic Frameworks
	Emergence of Coupled Rotor Dynamics in Metal–Organic Frameworks.....
	Introduction
	Results and Discussion

	Exploration of free energy profile and mechanism of long-range rotor dynamics.....
	Introduction

	Outlook
	Acknowledgments
	List of Publications
	Curriculum Vitae


